http://researchonline.ljmu.ac.uk/4206/ Article LJMU has developed LJMU Research Online for users to access the research output of the University more effectively. Copyright © and Moral Rights for the papers on this site are retained by the individual authors and/or other copyright owners. Users may download and/or print one copy of any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research. You may not engage in further distribution of the material or use it for any profit-making activities or any commercial gain.
Introduction
Two-dimensional (2D) materials have an atomic organization where the bond strengths along two dimensions are much stronger compared to the third dimension (1) . The crystal structures typically consist of thin layers of atoms with strong directional bonding within the layers and much weaker interactions between the layers. If the layers are neutral, they form van-der-Waals solids with only weak layer interaction. Prominent examples for these materials are graphene and transition metal dichalcogenides such as MoS 2 , WS 2 or WSe 2 .
For charged layers such as in layered silicates the layer interactions are much stronger.
Exfoliated or delaminated nanosheets of 2D-materials have unusual phononic (2) , electronic (3, 4), ferroic (5), electrochemical (6), and mechanical properties (7, 8) which are used in phononics, photovoltaics, semiconductors and electrodes. Those properties are strongly tied to the limitation or annihilation of translational symmetry along the stacking direction. When individual monolayers are homogeneously dispersed in a matrix, the related composite materials have a maximized, huge surface-to-volume ratio, and for large aspect ratios (ratio of diameter to layer thickness) these materials process a very small percolation threshold to provide electrical and thermal conductivity, mechanical strength, and large tortuous paths for diffusion barriers. Therefore, control over the layer thickness and interlayer distance is essential. For van-der-Waals solids the weak interlayer interaction energies (4 -7 kJ/mol) can be overcome by mechanical forces (mechanical exfoliation). A simple and prominent case being the exfoliation of graphene layers using "Scotch tape" (9) . The "Scotch tape" method is, however, limited to fundamental research in small scale. Various other techniques ranging from epitaxial growth to mechanical exfoliation, potentially assisted by surface active compounds or by rendering the starting material more shear labile by intercalation reactions, have been shown to yield 2D materials. Established techniques, however, tend to produce broad distributions of layers (5, (10) (11) (12) because separation by mechanical exfoliation is incomplete and, moreover, usually comes along with breakage of the layers.
The same conclusions are valid for the exfoliation of ionic layers, where the exfoliation process is even more difficult due to the stronger attractive interactions between the layers, which are of the order of 100 kJ/mol and larger. Separation procedures almost exclusively rely on mechanical exfoliation with the aid of intercalation of large ions, molecules or surface active compounds, albeit with generally poor and incomplete exfoliation. Even in case of high shear rates, the aspect ratio is never reaching its intrinsic maximum defined by the pristine lateral extension of the inorganic stacks. Alternatively, osmotic swelling potentially represents a gentler, cheap and scalable route to utterly separate a layered material into singular layers.
The principle of osmotic swelling goes back to the swelling of graphite oxide (1932) (13) and montmorillonite (14) . Here we report a systematic study of the exfoliation of a synthetic 2D layered silicate via osmotic swelling that provides direct insight into the conditions for ionic layer separation and the build-up of the electric double layer, and outlines the lyotropic phase behavior at extreme aspect ratios of the resulting layered material over more than 4 orders of magnitude in concentration from the dry powder to highly dilute solutions.
Results and Discussions
Osmotic delamination is known empirically to require a well-defined homoionic layered material with high and very homogeneous charge density. Natural layered silicates suffer from pronounced charge density modulations at all length scales (15) . Even synthetic layered silicates when synthesized at temperatures below 1000 K show a non-uniform intracrystalline reactivity. As a consequence, a large fraction of the stacks does not show osmotic swelling at all, or the separation between adjacent layers varies randomly and a weighted average of the d-spacings is observed which is of limited analytical and practical value (16) . Moreover, all the above mentioned materials need to be ion-exchanged and/or purified in some way prior to osmotic swelling. For instance, for montmorillonite a selective dissolution of amorphous auxiliary minerals like iron oxihydroxids is applied, where concomitantly ion exchange occurs and homoionic Na-montmorillonite is obtained (17). Following purification, the ionic strength needs to be reduced and finally the suspensions need to be re-concentrated physically, e.g. by sedimentation or centrifugation, to solid contents where liquid crystalline (LC) phases are observed. For kinetic reasons during the concentration procedure equilibrium structures might not be readily achieved (18 Na 0.5 -hectorite) that has been synthesized from the melt at temperatures well above 1000 K (19) . The material does not require any purification and shows a very homogeneous intracrystalline reactivity. With this material at hand, delamination and swelling can be studied starting with a 1D crystalline dry powder all the way into the LC regime and beyond simply by adding increasing amounts of water.
Regime I: Crystalline Swelling (attractive)
The first steps of layer separation occur via discrete hydration steps as indicated by the adsorption isotherm (Fig. 1a) of synthetic Na 0.5 -hectorite (19 (26) (27) (28) . All structures consist of equidistant layers with long-range 1D ordering within a stack which is referred to as a tactoid. Adjacent layers are stacked in an uncorrelated mode (turbostratic stacking). For more highly charged layered silicates in some rare cases three-dimensionally ordered phases can be obtained making crystal structure solutions of 1-WL and 2-WL hydrates available (20, 21) .
In the 1-WL state an inner sphere Na-hydrate complex is observed where Na + is in direct contact with basal oxygen atoms on one side, due to Coulomb attraction, and is coordinated by three water molecules on the other side. In the 2-WL state an outer sphere hexaaquoNa + -complex occupies the middle of the interlayer space with symmetrical hydrogen bonding to both adjacent basal oxygen planes (20) .
For the more highly charged synthetic hectorite, the 3-WL structure is not accessible within the experimentally accessible humidity range. It has been observed for natural montmorillonites of lower charge density, i.e. 
Transition I: Crystalline to Osmotic Swelling
To obtain insight into the conditions for separation of charged layers, as a first approximation the relevant interaction energies and length scales are estimated from simple physical models: ( 4 ) and is the length scale beyond which electrostatic interactions are screened. If no specific measures are taken to remove ionic impurities from aqueous solutions, one has a typical ion concentration of These electrostatic length scales will be related to the layer surface separation h t o distinguish different regimes with characteristic properties. , the repulsive regime is finally entered. The interactions applied in the MD simulation are more realistic and correctly indicated the transition to the repulsive regime with the 3-WL structure. The calculations predict that layer charge variations or inhomogeneities, which directly affect GC l , may easily lead to a situation where domains with repulsive and attractive interactions coexist within a layer. Even when there is a small fraction of the latter, it will prevent the separation of adjacent layers by osmotic swelling. This problem becomes increasingly severe with increasing lateral diameter of the tactoids relevant for practical applications.
Regime II: Osmotic Swelling in the Gouy-Chapman Regime
After the attractive short-range surface-ion interactions have been overcome by hydration such that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The pristine sample in the dried state represents a statistically isotropic microcrystalline sample with mean tactoid diameters of 18 µm and heights of typically 1.5 µm (Fig. S1 ). The uniquely homogeneous charge density and intracrystalline reactivity of the synthetic Na 0.5 -hectorite, now allowed a systematic investigation of osmotic swelling by small-angle X-ray scattering (SAXS, Fig. 2 a, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 increasing separation of the silicate layers due to progressing swelling. The interlayer distance reaches values up to 170 nm for ϕ = 0.002. The observed 2 q -scaling of the scattering intensity over nearly the whole scattering curve confirms the presence of thin layers with very large lateral dimensions. For the higher concentrations, where the signal-tonoise ratio is higher, it is possible to determine the first minimum of the form factor oscillations at high q (Fig. 2b) , which allows to derive the thickness of the layers to 85 . 0 0 d nm. This is slightly smaller than the monolayer thickness of 0.96 nm obtained from the interlayer distance of non-hydrated Na 0.5 -hectorite (19) , because small-angle X-ray scattering is sensitive to the high homogeneous electron density of the silicate core layer.
The solid lines are quantitative fits to the measured scattering intensities using a model of stacked layers where the scattered intensity is given by (39) ) ,
where b is the scattering contrast between the silicate layers and the solution, 
) (q G is the Debye-Waller factor, which depends on the mean deviation o f t h e l a y e r s f r o m t h e i r i d e a l l a t t i c e p o i n t . T h e t e r m
is the structure factor, which will be discussed in a separate section. The measured scattering intensities could be well fitted to this expression to determine the layer thickness The data are summarized in Table S1 in the Supporting Information. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 become much larger than their kinetic energy such that they couple, become positionally strongly correlated and localize on lattice points with the maximum possible inter-electron distance.
Transition II: Melting of Wigner Crystal (Delamination)
The scaling relation given in Fig. 2d shows a (Fig. S3) . Further, the relative lattice derivations from the lattice points reaches values over 10% (cf . table   S1 ). According to the Lindeman-criterium (34) lattice melting is expected for relative displacements larger than 10%. In good agreement with all the other criteria the structure factor ( Fig. 2c) Individual layers can separate from a lamellar stack or tactoid via an unbinding transition. This is known for amphiphilic lamellar systems, where lamellae unbind and detach from the top of a lamellar stack and then separate. They then fold, similar to the silicate layers, but then subsequently close to form vesicles, such that there is a concentrated ordered lamellar phase in equilibrium with a dilute vesicular phase.
Alternatively, individual layers within the lamellar stack or tactoid could translate laterally beyond the former crystal edges of the tactoid and then fold and gain conformational entropy, thereby increasing its effective diameter. The tactoid would then remain intact upon dilution, which we observe by polarized optical video microscopy (see Supporting Information). While expanding the interlayer space, the morphology of the tactoid is gradually converted from a platelet to a wormlike rod. The pristine tactoids typically have an aspect ratio of 12 (Fig. S4 ).
The aspect ratio is then inverted to 0.2 at a separation of the individual silicate layers of about 60 nm (ϕ ≈ 0.01). At these late stages of osmotic swelling the electrostatic repulsion between adjacent layers is increasingly screened, such that the electro-steric repulsion between adjacent tactoids becomes significant, also because with the inversion of the aspect ratio, the relative contribution of tactoid edge surface to basal surface interaction increases drastically.
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At ϕ = 0.0015, the suspension is still viscous with no macroscopic phase separation as indicated by polarized light imaging. Experimentally, we observed no visible phase separation even over periods of several months. It may nevertheless be that at much longer periods (> 1 year) and despite very slow kinetics segregation might occur (37) . Below this volume fraction the two microphases start to macroscopically phase separate by gravitation as shown in Fig. 3 and Fig. S5 . Interestingly, for suspensions with 0.0008 < ϕ < 0.0004 ( will eventually start to rotate freely and be present in the supernatant phase, whose volume increases with progressing dilution (Fig. 3b-f ).
Eventually, upon sufficient dilution a single dilute phase will be reached if the layer separation is of the order of the lateral dimension of the layers, e.g. if 
. 0
. Indeed, a suspension close to this concentration (ϕ = 0.00009) appears to be a single phase. It is shear-birefringent because there is still shear-induced alignment of the layers (Fig. S6 ) , but the birefringence disappears after cessation of shear.
Conclusions:
In conclusion we show that the delamination of charged layers requires that the layer separation exceeds the Gouy-Chapman length ( there is a regime of strong osmotic-repulsion (Gouy-Chapman regime), where the layers form a highly ordered one-dimensional Wigner c r y s t a l . W h e n t h e i n t e r l a y e r d i s t a n c e s reaches the Debye-length, a new regime with screened osmotic repulsion is entered, accompanied by a melting of the Wigner crystal and formation of a first microscopically 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phase separated system. Macroscopic phase separation by gravitation does not set in until much lower concentrations (ϕ < 0.0015). At very low concentrations (Φ<~0.0001) finally a homogeneous dilute phase is reached.
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